A technique is described for maintaining the PaC0 2 within, or close to, the normal range in patients hyperventilated using the M apleson D Circuit or the Circle system with the soda-lime excluded. Control is achieved by limiting the fresh gas inflow to 4· 5 litres/mimtle. IKTRODCCTION 
IKTRODCCTION
The desirability of normocarbia was outlined in a preceding paper (Pollard and Gibb 1977) . :'Iethods used to control PaC0 2 during surgery and in the Intensive Care 'Yard were also reviewed. It was the opinion of the authors that most of the methods described were unnecessarily complex and it was the object of this study to investigate simpler methods of PaC0 2 control which could readily be applied by the average clinical anaesthetist without requiring access to special measuring equipment or complicated tables. Preliminary investigations suggested that satisfactory PaC0 2 levels could be maintained by controlling the fresh gas flow alone. This principle was applied to the l\lapleson D circuit and the Circle System in the following studies.
METHODS AKD RESULTS

(1) J[aplcson D Circuit
Thirty unselected adults were paralysed and ventilated using the :'Iapleson D Circuit and a volume preset ventilator (Bennett BA-J) during elective surgery.
The fresh gas flow into the circuit was maintained at 4· 5 litres/minute, (nitrous oxide 3 litres/minute, oxygen 1, 5 litres/minute supplemented with halothane 0·5% or less, or opiate analgesics). The tidal volume was 10-15 ml/Kg and the ventilatory rate was 10-15 per minute. Arterial samples were taken 30-15 minutes after the onset of controlled ventilation and 45 mm Hg, then two-thirds of the patients were normocarbic and the greatest deviation from normal was 7 mm Hg. When the PaC0 2 is plotted against body weight a positive correlation is demonstrated ( Figure 1) (2) The Circle System with the Soda-lime Excluded Two groups of patients were studied. GROUP A This series consisted of 57 patients between the ages of 13 and 70 undergoing craniotomy for vascular abnormalities or tumours. Their body weights ranged from 45-90 Kg. All patients had in-dwelling radial artery cannulae and were chosen because the length of the operation allowed multiple blood gas measurements to be made. One of the authors (D.B.G.) was responsible for all observations. Blood gas estimations were carried out in the Pathology Department using an IL213 analyser. The patients were anaesthetized using nitrous oxideoxygen-relaxant technique with controlled ventilation (Bennett BA-4 ventilator). When any parameter was varied to produce a change in the PaC0 2 a period of half an hour was allowed for equilibrium to be reached before a blood sample was taken. The PaC0 2 was measured in 48 patients first with the soda-lime on, and then with it off. The fresh gas flow was 4· 5 litres/minute in every case, the tidal volume was 10 ml/Kg and the ventilatory rate was 12/minute. The results are shown in Table 2 and Figure 2 . 42  33  42  20  42  25  36  36  43  35  41  22  38  35  44  24  34  27  30  23  34  31  42  23  38  35  41  32  34  25  42  34  41  20  33  21  31  33  38  33  40  18  45  23  36  24  32  24  36  36  42  20  32  18  32  37  43  29  41  28  40  22  35  33  39  31  44  22  33  23  40  26  44  25  36  26  36  29  42 The mean PaC0 2 with the soda-lime on was 26·8 mm Hg and with it off was 37·4 mm Hg. The highest single recording with the soda-lime off was 45 mm Hg.
(b) The Effect of Altering Fresh Gas Flow
The PaC0 2 was measured in 12 patients at fresh gas flows selected randomly between 2·25 . w ,. Table 2 illustrating the general shift in PaC0 2 which occurs when the soda-lime is turned off. All patients were hyperventilated using the Circle system with a fJ'esh gas inflow of 4·5 litres/ minute. The mean PaC0 2 was 26·8 mm Hg with the soda-lime on and 37·4 mm Hg with it turned off. and 8 litres per minute. The soda-lime was turned off, the tidal volume was 10 ml/Kg and the ventilatory rate was 12/minute. All patients showed an inverse relationship between fresh gas flow and PaC0 2 • Figure 3 shows the results in five patients in whom it was possible to make four comparable studies. Surprisingly the highest PaC0 2 recorded at the lowest flow-rates (2·25 litres/minute) was only 52 mm Hg.
With a fresh gas flow rate of 4·5 litres/minute (3 litres nitrous oxide, 1· 5 litres oxygen) 123 blood gas measurements were then made in 57 patients. The tidal volume was 10 ml/Kg and the respiratory rate was 12/minute. The results are shown in Table 3 and Figure 4 .
The mean PaC0 2 was 36·4 mm Hg and the range was 26-50 mm Hg.
40 50 mmHg FIGURE 4.-PaCO> levels recorded in 57 neurosurgical patients hyperventilated using the Circle system with the soda-lime turned off. The fresh gas inflow was 4·5 litres/minute. One hundred and twenty-three individual blood gas measurements were performed. The mean PaC0 2 was 36·4 mm Hg(SD±5·14) and the range was 26-50 mm Hg.
(c) The Effect of Altering Tidal Volume The PaC0 2 was measured in 12 subjects in whom the tidal volume was randomly varied between 300 and 1500 ml. The soda-lime was off, the fresh gas flow was 4· 5 litres/minute and the ventilatory rate was 12/minute. A correction factor was applied to the tidal volume measurement registered on the ventilator. This was derived by calculating the gas flow into the circle during inspiration and measuring the compliance of the anaesthetic circuit. The results are shown in Figure 5 . Although comparable effects were noted in all patients only those in whom five or more readings were possible are included in the illustration. The PaC0 2 was relatively constant over a wide range of tidal volumes but it rose sharply when the tidal volume fell below 400 m!. Provided the patient was hyperventilated (using a tidal volume of 700 ml or more) the PaC0 2 was little affected by further increases in tidal volume. GROUP B Four hundred and sixty-six observations were made in 280 adults undergoing cardio-pulmonary bypass for cardiac surgery, mainly coronary artery grafting or valve replacement. Cardiac surgery patients were chosen for this study simply because arterial blood gas analysis is carried out routinely during all operations. The patients were hyperventilated with the soda-lime off and with a fresh gas flow of 4·5 litres/minute. Blood samples were taken from a radial artery cannula and analysed prior to bypass and again following bypass. The prebypass sample was taken t to 1 hour following the commencement of controlled ventilation and the post-bypass sample was taken 10-20 minutes after the resumption of controlled ventilation. Several observers were involved and consequently there were fewer post-bypass than pre-bypass results due to failure to observe the protocol after coming off bypass. The results are shown in Table 4 and Figure 6 . The mean 
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-5 2·25 0·35 5·05 0·12 to +5·5 PaC0 2 in the pre-bypass group (280 observations) was 39·0 mm Hg (range 26-67 mm Hg). The mean PaC0 2 in the post-bypass group (186 observations) was 41·8 mm Hg (range 30-59 mm Hg). ! 20 , " " mmHg FIGURE 6.-PaCO, levels recorded in patients undergoing cardiac surgery. Two hundred and eighty observations were made pre-bypass (black) and 186 post-bypass (white). The mean PaCO, in the pre-bypass group was 39·0 mm Hg (range 26-67). The mean PaCO, in the post-bypass group was 41·8 mm Hg (range 30-59). All patients were hyperventilated using the Circle system with the soda-lime excluded and a fresh gas inflow of 4·5 litres/minute.
The Relationship Between Body-Weight and PaC0 2 in Patients Ventilated on the Circle System with Soda-lime Excluded
This relationship can be illustrated by consideration of a composite group of 77 patients selected from each of the previous groups A and B in whom body weight was readily available from the records (62 cardiac and 15 neurosurgical patients). In each case the fresh gas flow was 4·5 litres/minute and the patient was hyperventilated without soda-lime. The result is shown in Figure 7 . All but two of these patients had a PaC0 2 between 26-47 mm Hg. There was a positive correlation as would be expected but there was considerable scatter about the regression line (r=O ·3).
DISCUSSION
These results indicate that the PaC0 2 can be satisfactorily controlled in adults hyperventilated using the Mapleson D Circuit or the Circle System with soda-lime excluded, simply by limiting the fresh gas flow into the circuit to 4·5 litres/minute. Under these circumstances approximately two-thirds of patients had a PaC0 2 between 35 and 45 mm Hg. No PaC0 2 in the remaining one-third was grossly abnormal. These results compare with the findings of other authors who used more complicated methods to control PaC0 2 in these circuits.
While it cannot be denied that the patient's weight has some influence on the PaC0 2 , the correlation between these two factors is poor. Over the range studied (45-90 Kg), body weight did .110t play a significant role in the determination of the PaC0 2 . This was an unexpected finding since carbon dioxide production is largely dependent on the body weight in the anaesthetized patient (Pollard and Gibb 1977) .
The effect of tidal volume on PaC0 2 was also minimal, provided that the patient was hyperventilated. This is because elimination of carbon dioxide is ultimately dependent on the fresh gas inflow into the circuit. Any further increase in tidal volume only serves to facilitate equilibration between the blood, alveolar and circuit gases.
The influence of soda-lime was well demonstrated, the mean PaC0 2 being 26·8 mm Hg with the absorber on and 37·4 mm Hg with it off. Six of the 48 patients studied had a PaCO,=0'13W +30, 3 The body weight (\V) was therefore a minor factor in determining PaCO,. Even when it was ignored completely, two thirds of patients were normocarbic.
PaC0 2 of 20 mm Hg or less when the soda-lime was turned on. This degree of hypocarbia may well be harmful in some patients (Pollard and Gibb 1977) .
In the studies described there was no selection of patients. Those with cardiac, pulmonary and vascular disease were included. The technique of carbon dioxide conservation was used with patients in the supine, prone, lateral and sitting positions. The method was employed by a number of observers all of whom found it reliable, safe and easy to apply.
Caution, however, is advised in the use of the technique if there is evidence of increased carbondioxide production such as body weight exceeding 90 Kg, pyrexia, hyperthyroidism, or muscle . activity due to inadequate muscle relaxation. No experience was obtained with patients undergoing one lung anaesthesia and it is difficult to know whether the technique is suitable for this group of subjects. Finally, one of the most impressive aspects of these studies was the rapid return of adequate spontaneous ventilation at the termination of relaxant anaesthesia which occurred when the patient was normocarbic during the procedure. Anaesthesia and Intensive Care, Vol. V, No. 2, May, 1.977 CONCLUSION Approximately two-thirds of adult patients, ventilated with the Mapleson D Circuit or the Circle System with the soda-lime excluded, will be normocarbic provided that the parameters indicated in Figure 8 are observed.
The safety of the method should be emphasized. No patients were excluded because of cardiovascular or pulmonary disease. The technique was used for patients in a variety of operating positions. The patient's body weight and respiratory parameters had little influence on the results. In approximately 1,00 0 observations no grossly abnormal blood gas values were recorded, the highest PaC0 2 being 67 mm Hg. This cannot be regarded as excessive when a PaC0 2 "within the range of 44-75 mm Hg is commonplace during anaesthesia with spontaneous respiration" (Nunn 1972b).
